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COMPARISON OF SEVERAL, METHODS OF CYCLIC DE-ICING OF A
GAS-BEATED ATRFOIL

By Vernon H. Gray and Dean T. Bowden

SUMMARY

Several methods of cyclic de-icing of a gas-heated airfoil were
investigated to determine ice-removel characteristics and heating reguire-
ments. The cyclic de-icing system with a spanwise ice-free parting strip
in the stagnation region and a constent-temperature gas-supply duct geve
the quickest and most rellable ice removal. Heatlng requirements for the
several methods of cyeclic de-icing are compared, end the savings over
continuous Iice prevention are shown. Data are presented to show the
relation of surface temperature, rate of surface heating, and heating
time to the removal of ice.

INTRODUCTION

The advent of high-speed, all-weather, Jjet-powered aircraft has
emphasized the need for ice-protection systems that are light-welght,
dependable, and automatic and that impose the least possible penalty on
over-all aircraft performsnce. Anti-icing systems that evaporate all the
impinging water cause practically no increase in drag but, at high
speeds, require large rates of surface heating (ref. 1). These large
heating requlrements In an electric system call for & large generating
capacity, which involves excessive weight; in a hot-gas system large
flows of heated air are reguired, resulting in excessive thrust losses
when the air is taken from the Jjet-engine compressor.

The large heating requirements associsted with continuous anti-icing
can be greatly reduced by the use of a cyclic de-icing system, wherein
only one spanwlse segment of an airfoil is heated and de-iced at any
glven time. Intermittent heating and shedding of 1lce successively from
many such segments in repeated cycles will permit a given heat flow to
de-ice many times as much area as would be continuously anti-iced by the
same flow. Consequently, a large reduction in the over-all heating
requirement for an airfoil is realized.

Cyclic de-icing may be accomplished by using either electric or hot-
gas heat sources. A typicel electric cyclic de-icing system 1s described
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1n reference 2. Heating requirements and resultant penalties for an air-
craft with this type of ice-protection system are given in reference 1.
Recently, efforts have been directed toward the development of hot-gas
cyclic de-icing systems. The principal adventages of hot-gas cyclic
de-icing are: The heat supply is readily availeble at the jet engines;
the surface heating channels may be constructed integrally with the air-
foll structure to permit a low weight-increase factor; and the operatlion
of hot-gas systems is basilically reliable, so that low maintenance costs
result. The first experimental investigation of cyclic de-lcing with
hot gas is reported in reference 3, in which successful de-lcing was
accomplished with considerable savings of heat over continuous entl-
icing.

The effect of a hot-gas cyclic de-icing system on alrcraft perform-
ance hag not been completely evaluated at present. However, the drag
increases associsted with hot-ges cyclic de-icing are presented in ref-
erence 4. Drag datae obtained for an 8-foot-chord NACA 65;-212 airfoll

indicate that only moderate airfoll drag increases are to be expected
from runback icing caused by cyclic ice removal and thet after ice
removal the drag returns almost to the bare alrfoil drag. Only ln severe
icing conditions with high rates of water interception does the drag
increase during the icing period exceed 15 percent.

This investigation presents a comparison of heat requirements and
lce-removal characteristics for several methods of cyclic de-icing with
hot gas. The de-icing systems Investlgated differed principally with
regard to the means of cbtaining elevated gas temperatures at the sur-
faces to be de-iced and In regard to the use of ice-free parting strips
in the stagnation region to facllitate ice removal. Because of the pres-
ent lack of fundamental knowledge on cyclic de~icing processes, extensive
data on hesting rates, surface temperatures, and ice-removal times for
various surface locatlons are presented to provide a basis for future
analytical treatments. The investigation was made in the NACA lewis lcing
research tunnel over a wide range of icing and opersting conditions.

APPARATUS AND INSTRUMENTATION

Each hot-gas cyclic de-icing system investigated was Ilnstalled in
an NACA 657-212 airfoil of 8-foot chord and 6-foot span (fig. 1). This

airfoil was also used in the investigation of reference 3, some of the
results of which are included in this study for purposes of comparison.
Of the various cyclic de-icing systems studied, three systems which were
thoroughly investigated willl be described in subsequent sections and
identified as heating systems A, B, and C.
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Heating System A

In this report, the heating system utilized In reference 3 will be
termed heating system A. The construction details are shown in figure 2
and teble I. The heateble forward section of the model extends from O
to 12 percent of chord and consists of three spanwise segments which may
be independently heated. The center segment 1s 3 feet in span and con-
tains most of the Instrumentation.

The gas-supply duct (fig. 2(a)) is a relatively small thick-wall
double-passage eluminum duct mounted inside the airfoil near the leading
edge but isolated from ell metallic airfoil structure and insulated to
reduce convective heat losses. The hot gas flows spanwise in the front
passage of the double duct and reverses direction at the end of the spen
to return in the rear duct passage. Along the rear passage, throttling
valves are located, one at each intermittently heated segment. A fourth
valve is provided at the exit end of the rear passage to represent all
the additional segments that would be used in an actual long-span wing.

An gluminum fin is used to conduct heat from the double-passage duct
to the stagnation region to provide an ice-free parting strip. The span-

wise fin is approximaetely 1/16 inch thick and 3% inches long and is made

in two parts screwed together at a slip Joint for convenience in model
assembly and to allow for thermal expansion. Chordwilse parting strips
between the center and end segments are provided for in a msnner similar
to the spanwlse parting strip, except that the slip Jjoint is omitted.
Dimensions of the parting-strip fins are glven in table I.

The outer skin of the airfoil forward section is made of 0.025-inch-
thick aluminum alloy. Strength and rigidity are provided by an inner
skin of 0.040-inch-thick aluminum alloy corrugated with a l-Inch spanwise
plteh to produce chordwise gas passages of 1/8-inch height.

Entrances to the passages formed by the outer skin and corrugated
inner skin are located near the spenwise parting strip on both top and
bottom surfaces of the airfoil (fig. 2(b)). The passages extend to
approximately 12 percent of chord. After leaving the passages, the gas
is permitted to exhaust through the aft reglons of the airfoil. Bulk-
heads at either end of the center segment are insulated to reduce spanwise
heat losses during the heat-on period. Asbestos sheeting 1s used to
insulate the corrugated inner skin from the plenum chamber to allow the
gas to enter the chordwise passages at maximum temperature.

The poppet-type throttling valves were timed electrically and actu-
ated by means of compressed air.
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Heating System B

Heating system B is the same as heating system A (fig. 3(a)) except
that none of the parting-strip fins are heated by the supply duct
(fig. 3(b)). The parting-strip fins remain riveted to the outer skin of
the airfoill but sre thermally disconnected .from the supply duct by air
gaps of at least 0.050-inch thlckness.

Heating System C

Heating system C is the same as heating system B, except that it
has & nonreturn gas-supply system. For this system the gas enters the
rear passage oOf the supply duct and flows spanwise directly to the
throttling valves. No gas flows through the front passage, snd the
rarting-strip fins are thermally disconnected from the supply duct by
air gaps as in system B (fig. 3(c)).

Instrumentation

The instrumentatlon used for the three heating systems is as follows:

(1) Gas-temperature thermocouples and statlc-pressure tubes in both
passages of thce supply duct at five spanwise locations

(2) Gas-temperature thermocouples inside the chordwise gas passages
at six chordwise and four spanwise points, and at four polints in the
plenum chambers ' :

(5) Surface~temperature thermocouples at 24 chordwlse points on
section A-A in the center segment, and at five other spanwise stations

(4) Metsal-temperature thermocouples at such points as ribs, spar,
supply duct, inner-skin corrugations, and conductive fins at four span-
wise stations

(5) Static-pressure teps in the plenum chambers and in the airfoil
afterbody.

EXPERIMENTAL CONDITIONS AND TECHNIQUES

The range of conditions covered in the investigation is as follows:
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Total air temperature, OF L s e e e e e e e e e e e e -11 to 25
Adrspeed, BPhE « « - ¢« ¢+ 4 ¢ ¢ 4 4 s e w s s s e e« « « « . 180 and 280
Angle of atteck, deg . « « +« ¢« ¢ « « « & o + « « « « « » « 2,5, 8nd 8
Pressure altitude, f£ . . . . . « . ¢ ¢« ¢ v« o ¢« .+ .« . . 1500 to 3500
Liquid-water content, gfeum . . « « « « « « « . 4 . . . . 0.3t0 1.2
Mean-effective droplet dlameter, microms . . . . « . « . . 8 to 18
Duct-inlet gas temperature, °# . . . « « « « « « « .+ « . . 200 to 510
Duct gas-flow rate, Ib/hr . . . . . . « -« + « .« « « . . . . 110 to 1230
Heat-on perlod, sec « ¢« ¢ ¢ ¢ v o ¢ o« « 0 o« o o o « o o o 6 to 48
Heat-off period, min . . . ¢ ¢ ¢« ¢ ¢ v ¢« ¢ ¢ ¢ ¢ ¢ « o « - 4 to 10

In order to establish a convenlent reference temperasture on which to
base heat-transfer processes, a datum alr temperature was teken as the
average unheated-surface temperature of the sirfoil forwsrd section. In
icing conditions, the datum temperature was determined from thermocouples
that were shielded from, or not subject to, the heat of fusion of impinged
water. The datum air temperature was found to be essentially equal to
the total air temperature for the condltions covered in this Investiga-
tion.

In order to evaluate and compare the various methods of cyclic
de-lcing, each method was thoroughly investigated for the following nom-
inal condltions:

Datum air Liquid-water Airspeed,
temperature, content, mph
°F gfcu m
0 0.8 180, 280
20 .8 180, 280

For most of the sabove conditions, performasnce of the various systems was
investigated at angles of attack of 29, 5°, and 8°.

In order to determine and compaere the minimum heatling rates necessary
for satisfactory cyclic de-icing of the airfoll forward sectlon for the
various heating systems, a visual criterion for marginal performance was
adopted. The heating rate and heat-on perliod were deemed marginal for a
particular icing condition when ice was completely removed from both sur-
faces of the airfoil back to 9 percent of chord (slightly aft of plenum
chamber). In addition, parting strips, when provided, were required to
remain ice-free.

During the investigation of heatlng rates required for continuous
anti-icing, marginal requirements were esteblished at the heating rate
which would completely evaporate all the impinged water, and thereby pre-
vent the occurrence of runback icing anywhere on the airfoil surface.

Photographs of both surfaces of the airfoill forward section were
taken throughout the investigation to record the type and extent of
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icing, the effectiveness of ice shedding (ice removal), and the amount
of residual ice and frozen rumback rivulets. Photographs were synchro-
nized with temperature data and cbservations of ice removal from specific

points during the heat-on period.

RESULTS AND DISCUSSION

The results will be presented in two main phases. The first phase
concerns the over-all operation and performance of the hested airfoil
forward section, wherein the marginal heating rates for the various
methods of cyclic de-icing are determined by the visual criterion of ice
removel defined in the previous sectlon. In the second phase, temperse-
ture data ameneble to anslysis and extrapolation to other models are
obtained. In this phase, the local variations of temperature and ice
removal with time are presented without consideration for merginal oper-
ation or the effectiveness of de-icing.

Over-All Performance of Cyclic De-~Icing Systems

Typical ice formatlons with marginal de-lcing. - Ice formations
characteristic of marginal de~icing in various atmospheric and operating
conditions are shown in figure 4 by photographs of the airfoll forward
section before and after the heat-on perilods. The difficulty and possible
variasnce In establishing consistent marginal heating conditions are
apparent from these photographs. Varying amounis of residual and runback
icing can be seen in the photographs taken after the marginal hest-on
periods. Negligible runbeck icing is shown in figure 4(a). In fig-
ure 4(b) runmback deposits have begun to collect directly impinging drop-
lets and are growing forward and outward. The deposits aft of the heated
Torward sectlion are caused by impingement upon frost particles. The =zir-
Pfoil invarisbly frosted as soon as water sprays began, probably because
of alr-stream turbulence and superssturation of the tumnel air, which 1s
not the usual case in flight. Primery impingement icing on the upper
surface was always completely removed, as shown typically in figure 4(c).
Runback icing on the upper surface conslsted of thin stresks of ice
starting sbout 9 inches back from the leading edge. These runback streaks
dld not grow materially, because they shed sporadically during subsequent

heat-on periods.

Effect of angle of attack, ligquid-water content, snd icing period on
heating requirements. - As reported in. reference 3, the airfoil angle of
attack, the liquid-water content, and the icing period had relatively
small effects on marginael heat requirements. An increase 1n these three
variables tended to Increase slightly the requlred heating rate or hesat-
on period. These trends result partly from the criterion adopted for
determining marginal requirements. At 9 percent of chord on the lower
surface, serodynamic forces are not significantly changed by varying the
angle of attack; of more lmportance is the aft limit of impingement. At
higher angles of attack, ice collects farther aft on the lower surface.
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Because of the front-to-rear gas flow in the chordwise gas passages,
above-freezing surface temperstures appear progressively rearward with “*
time during the heating period. Consequently, longer heat-on perlods are
necessery at the higher angles of sttack to cause removal of the rear-
moet ice formations. A similar incredsed heat-on period was found nec-
essary with an increase in the liguld-water content, because an increase
in the egpray-cloud liquid-water content in the tunnel is associated with
an increase in the cloud droplet size, which results in impingement fur-
ther aft on the airfoil surface.

The combined effect of angle of attack and liguid-water content upon
impingement is shown in Ffigures 4(a) and 4(b). At an angle of attack of
2% and a liguid-water content of 0.4 gram per cubic meter (fig. 4(a)),
impingement extended less than 2 inches aft of the spanwise parting strip
on the lower surface; at an angle of attack of 8° and a liquid-water con-
tent of 0.8 gram per cublc meter, the Impingement extended more than
8 inches behind the spanwise parting strip (fig. 4(b)). An example of
runback lcing caused by a high liquid-water content and a high angle of
attack at a high datum air temperature is shown in figure 4(e). Sizable
glaze~-ice deposits are seen at the rear end of the heated section. These
deposits shed sporadically as thelr size and the drag forces on them
increased.

-

An increase In the icing period also requires a slight increase in
the heat-on period, probebly because of increased time for cooling of the
model interior, increased ice thickness, and reduced tendency of 1lce thst
has been under-melted to breask away from anchoring points at local cold
areas during the heating period. The increase iIn ice thickness as a
result of increasing the icing period from 6 to 8 minutes can be seen by
comparing figure 4(c) with figure 4(d).

Theoretically, a decresse in the heating requirement might be expec-
ted with increasing liguid-water content because of the associsted |
increased release of heat of Pusion and consequent increased surface tem-
perature prior to heating. However, this effect is almost lost to the
de-icing system because of the insulating effect of the ice legyer, 'Ehe
modersate chordwise extent of heavy impingement, and the high conduc‘pivity
of the airfoil structure which conducts the heat of fusion away from the
impingement zone. The effect of heat of fusion on surface temperature
is illustrated in figure 5. The unheated-surface temperatures of the
forward section are shown in dry-air flow and in icing conditions. iAfter
icing begins, the surface temperatures rise to a maximum in approximately
1 minute (fig. 5(b)). The greatest rise due to the release of heat of
fusion (8° F) occurred at the stagnation point. On an insulated surface
this rise would have been nearly three times as much (based on unpub-
lished NACA date obtained with a lucite cylinder in a comparable icing
condition). The average surface temperature, however, rose only 3°p
above the dry-alr average surface temperature after 1 mlnute of icing,
and only 2° ¥ ebove the dry-air level after 4 minutes of icing. The loecal
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surface temperstures deviated from the average by a maximm of 15° F
after 4 minutes of icing, with the lower surface averaging 6° F warmer
then the upper surface. TI{ is infteresting to notg also that the average

surface temperature of the forward section was 3% F below the total

air temperature in dry-air flow and only to 1% F below the total

temperature in ilcing conditions.

Heating rates required for marginsl de-icing performance. - The
heat-on period required for marginal ice removal is shown in figure 6
for a range of icing conditions. During the heat-on period, the rate of
hest flow per foot of spen at the throttling valve wcﬁ(tg,v - t3) is

plotted as & function of the heat-on period for heating systems A, B, and
C. (Symbols are defined in the sppendix.) In the case of heating sys-
tem C, which has & nonreturn gas flow (fig. 6(c)), the gas flows through
relatively cold ducting and the gas temperature increases throughout the
heating period; for this case the gas temperature at the throttling

valve tg,v is taken as the aversage during the heat-on period.

For all cases shown, the required heating rate increases with s
decrease in the heat-on period. This increase in heating rate is par-
ticulerly marked for heat-on periods of less than 10 seconds. Heating
system B, however, requires approximately a 30-percent increase in the
heating rate over that for system A for the same hest-on period, and
heating system C requires spproximately a 40 percent higher heating rate
than system A. PFor a constant heating rate, however, the change in heat-
on period between heating systems is even greater. The average of the
changes for all icing conditions investigated shows that heating systems
B and C require approximetely 50 and :85 percent longer heat-on periods,
respectively, than does system A, for equivalent heating rates.

In order to show the effect of datum alr temperature on the heating
rate for comstant values of heat-on period, the data of figure 6 are
cross-plotted in figure 7. The alr temperature is seen to have a very
large effect upon the heating rate, requiring 50 to 100 percent more heat
flow at O° F than at 20° F. The most rapid increase in the required
heating rate as the air temperature decreases occurs neaxr 320 F; at colder
air temperatures, the heating rate iqqreases less rapldly.

The effect of alrspeed on the heating rates required for marginal
de-icing 1s shown in figure 8 and wasg found to be small. An increase in
airspeed from 180 to 280 mlles per hour required approximately a
10-percent lncrease ln the heating rate for systems A and B and approxi-
mately 20 percent for system C, with other factors remalning constant.
Also shown in Pigure 8 for purposes of comparison are the heating rates
required for continuous antl-icing ag defined in EXPERIMENTAL CONDITIONS
AND TECHNIQUES. It is interesting to note that, although the short-
duretion heating rate required to de-ice the model is generally higher
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than that required to continually anti-ice it, the velocity effect is
such that the two quantities are of the same order of magnitude at the
higher airspeeds shown. The over-all heat savings of cyclic de-icing as
compared with continuous enti-icing will be shown later.

Spanwise reduction In gas temperature. - In order to assess the total
heating requirements of the varilious heating systems, the spanwise gas-
temperature drop in the supply duct must be considered as well as the
heating rate at the valve during the heat-on period. The spanwise gas-
temperature reduction may result from heat transferred through the
parting-strip fins (when provided) and from duct losses by conduction,
convection, and radiatlon. For heating systems A and B, which utilize the
return-flow gas clrcuit, the gas temperature decreased progressively in
the front passage of the duct and remained essentially constant in the
rear or return passage. Accordingly, the gas-temperature drop along the
front passage of the duct was taken to represent the effect of span on
gaes temperature. For heatling system C, however, the effect of span on
gas tempersture could not be determined from the transient data involved.

In figure 9, the decrement of supply-duct gas temperature per foot
of span divided by the difference between mean gas temperature and datum
alr temperature is plotted as & function of gas flow for all the condi-
tions investigated. TFor cyclic operation of the heating system, the span-
wise gas-temperature drop during the heat-off period is shown in fig-
ure 9(e). Heating system B, with no parting strips, has approximately
two-thirds of the spanwise temperature drop of system A. Data were also
teken with the chordwise parting strips removed from system A and with
improved sealing at the bulkheads between the spanwise segments. These
data fall midway between the curves for systems A and B. A slight trend
with respect to air velocity is evident in the data but is not described
by separate curves. The scatter of the data in Ffigure 9(a) results from
the variety of conditions investigated and the small temperature changes
per foot of span. With continuous heating of the forward section (fig.
9(b)), however, the veloclty effect is more pronounced and is shown by
separate curves. The data fall below those for cyclic operation and show
no separation with heating system employed.

Equivalent-continuous heating requirement. - The total heat reguire-
ment per foot of span for marginal icing protectlon is obtained by com-
bining the heating rate at the valve (fig. 6) with the spanwise gas-
temperature drop in the supply duct (fig. 9). (These two quantities were
not combined in ref. 3.) Because the spanwise temperature loss in the
duct 1s a continuous function and the heat flow through a valve is
intermittent, an equivalent-continuous heating requirement is derived for
the intermittent process. The portion of time that a valve is open is
the ratio of the heat-on perlod to the total cyecle time. The product of
this ratjo and the instantaneous heat flow through a velve equals the
equivalent-continuous heating rate at the valve. Adding to this the con-
tinuous heat dissipation from the spanwise supply duct yields the system
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(or total) equivalent-cantinuous heating rate. This function has the
physical significance of being the heat-source requirement for an airfoil
composel( of a number of segments equal to the cycle ratio of each seg-
ment. The cycle ratio R is the total cycle time dlvided by the heat-on
period. T - - . -

With heating system C, the spanwlse gas flow in the supply duct is
discontinuous and the duration of f£flow varles with the spanwise location
of the segments. However, for the 4-minute heat-off perilod ususlly
employed in this investigation, the heat dissipated from the supply duct
when maintalned at an elevated tempergture was approximately the same as
the heat a@bsorbed by the duct when gag flow was resumed after a cocoling
period with no gas flow in the duct. For this reason it was assumed that
the heat dlssipation from the spanwlse supply duct for system C, regard-
less of spanwise location of the segment, was equivalent to the steady-
state heat loss of system B for compareble conditlions.

The total equivalent-continuous heating requirement per foot of span
for the three heating systems is shown in figures 10(a) to (c) as a func-
tion of the cycle ratio. The equivalent-continuous heatlng rates required
for the three heating systems do not differ as much as the heating reates
required for de-icing only, as shown in figure 6. Because the parting-
strip heat dissipation of system A is continuoue, it partially offsets
the longer heat-on perilods (fig. 6) required for systems B and C. The
total equivalent-continuous heat requirement of system C i1s from 10 to
50 percent greater than that for systém A for the same cycle ratios,
with system B only slightly greater than system A. '

For cycle ratios greater than 12, it can be seen from figure 10 that
& heat-source capacity of 3000 Btu per hour per foot of span for heating
systems A and B and 3250 Btu per hour per foot of span for system C will
provide de-icing protection in the following severe condition: airspeed,
280 miles per hour; datum air temperature, O° F (approximately -9° F
static temperature); liquld-water content, 0.6 gram per cubic meter. _
Cyclic operation at larger cycle ratios than those shown in figure 10 will
result in little additional saving in equivelent-continucus heat require-
ments. It should be remembered that the data presented are for asn iclng
(heat-off) period of approximately 4 minutes. If the icing period had
been doubled, the heating rate during the heat-on period would have been
only slightly increased, but the cycle ratios would have been nesrly
doubled and the heat-source requirements would have been considerebly
decreased. The choice of lcing period depende upon the smount of ice to
be collected, and 1t is limited between the time required for the surface
to cool below the freezing level and the time in icing that the airecraft
mey tolerate in terms of aerodynamic penalties.

In figures 10(a) to (c) air temperature is seen to have a large
influence on the heat-source requirement, exhibiting the same trends as
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in figures 6 and 7. The change in air velocity from 280 to 180 miles
per hour reduces the equlvelent-continuous heating requirements by en
average of 15 percent.

Some of the data of figure 10(a) are replotted in figure 10(d) to
effect a comparison with the heating reqguirements for continuous anti-
iecing of the forward section (cycle ratio = 1). The continuous heating
requirements are between 4 and 10 times higher than the cyeclic de-icing
heat requirements at cycle ratios hetween 10 and 20. The greater savings
with cyclie de-icing occur at the higher air velocities and higher
liquid-water contents. These conditions result in a higher rate of water
catch with a direct increase in the heat required for eveporation,
whereas only & slight increase in heat flow is required to de-ice the air-

foil (fig. 8).

With continuous antl-licing the upper airfoil surface was most crit-
icel, becoming marginal with heating rates 40 to 80 percent greater than
those required to maintain the lower surface marginal. This effect is
probably explained by the impingement characteristices of the airfoll at
the angles of attack investigated. Rivulet flow (which is hard to evap-
orate) 1s promoted over the upper surface by the heavy accumuletion of
impingement between the stagnation point and the zero chord point and by
the strong alr forces which blow thls water over the upper surface of the
airfoil. However, 1t should be noted that the heatlng requirements for
continuous antl-icing could be greatly reduced 1f small amounts of stream-
lined runback ice formations were tolersted on the upper surface aft of
the critical leading-edge radius region.

Although the equivalent-continuous heating requirement is a direct
measure of the heat-source requlrement, it does not completely describe
the heat-transfer process, because 1t contalns terms of both gas flow and
ges temperature, which usually do not contribute alike to the hest-
transfer process. Some of the scatter of the dats points in flgures 6
to 10 results from the use of wcpa¢ as a hesting psremeter. The inde-

pendent effects of gas flow and gas temperature are shown in figure 11,
in which gas flow and tempersture were varied separately and the heat-on
periods for marginal de-icling performance were determined. The
equivalent-continuous heating requirement 1s shown to decrease with an
increase in the gas flow for system A (fig. 11(a)), whereas heating
systems B and C show small and zero decreass, respectively, wlth
increased gas flow. When gas temperature is increased (fig. 11(b)), =a
slight decrease in heating requirement occurs with systems A and B,
whereas a sllight increase In heating requirement is shown for system C.
Heating system C has no preheating of gas-supply passages, and the
increased thermsl lag may explain the greater heat requirements at hlgher
gas temperatures. Generally, a given percentage Increase in the gas flow
permits a greater reductlon in the hegat-source requirement than a com-
pareble increase In the gas temperature.
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Parting-strip characteristlics. - Data were obtalned on the tempera-
ture patiern associated with the spanwise parting strip used 1n system
A. TFrom these data the heat-flow rate through the conductive fin and
the ice-free width of the parting strip may be determined. A typlcal
tempersature pattern is shown in figure 12, in which distances are meas-
ured along the heat paths from the juncture of the conductive fin end
the external skin. These temperstures were taken after 4 minutes of
icing and before cylic removal. The temperature drop between the gas in
the duct and the duct wall was small, representing epproximetely 20 per-
cent of the total drop between gas and peak surface temperature. The
temperature drop across the slip joint was approximately 35 percent of
the gas-to-surface temperature differential. Without a slip joint, the
same heat flow to the parting strip would be maintained with a thinner
or longer conductive fin than was used herein. The fin length end thick-
ness are of importance In transmitting the proper amount of heat flow
for establishing a narrow parting strip.

The surface-temperature pattern reveals the heating effectiveness in
the parting strip. The surface temperature should return quickly to the
datum level on both sides of the parting strip to minimize heat losses
by conduction along the surface. BSuch is the case on the upper-surface
side of the parting strip, but the lower-surface temperasture falls much
more gradually. The arrows at approximately 1/2 inch from the center of
the parting strip (fig 12) indicate the start of the corrugated inner-
skin passages. The added thickness and conductivity of the double-skin
construction require a larger distance for the surface temperature to
return to datum.

The width of the parting strip thet is above 32° F prior to the
hest-on periocd may be determined from the surface-temperature pattern
(fig. 12), and it was found to be conveniently expressible as a function

t - 32
of the temperature ratio Lol ghown in figure 13 for all con-
ts,max - t3
dltions investigated. The parting-strip width is well defined by the
temperature data; however, the visual width may be smaller than that of
figure 13 because of ice building forward or greater because of warm
water running back heyond the line where the surface temperature is

32° F.

The quantity of heat flow to the outer skin passing through the fin
1s measured by two thermocouples in the fin at a known dlstance apart.
The temperature gradient between the couples (fig 12) together with the
fin cross section and conductivity is used to calculate the total heat
flow through the fin. The heat flow through the fin is shown In fig-
ure 14 as a linear function of ts,max - t3- The line for an airspeed of

180 miles per hour is interpolated from data not directly applicable to
this figure. Figures 13 and 14 may be used together as follows: If, for
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example, a parting-strip width of 1 inch is desired, =z temperature ratio
tg .max - 32
of 0.45 is required (fig. 13). From the relation EEA————-E- = 0.45
s,max -~ “d

end a datum alir temperature of 0O F, a required ts,max of 58° F is

obtained. At an eirspeed of 180 miles per hour the heat f£low needed to
produce this maximim parting-strip temperature is 280 Btu per hour per
foot span (fig. 14), which is an average heating rate in the parting strip
of 6.8 watts per square inch. For the same conditions, the electrically
heated parting strip of reference 2 required an external surface hest flow
of 6.6 watts per square inch.

Veriations in mode of heating. - Several variations in the mode of
heating were investigated briefly. One variation was the use of a sec-
ondary cycling procedure in which submarginal operation of the heatling
system was employed for several successive cycles followed by a cycle
wlth above-marginal heating to reduce the amount of lower airfoll surface
runback and residual lcing. In this manner, the runback icing from the
submarginal cycles was deposited upon the rear porticns of the heated
area and was removed during the gbove-marginal cycle, thereby considersbly
reducing the amount of permanent runback lecing. An sbove-marginal cycle
mey be achieved by Increasing elther the gas flow, the gas temperature,
or the heat-on period. In this study, with heating system A, the heat-on
period was increased every fourth cycle; the heat-off period wes propor-
tionately increased to meintein the same cycle ratioc. A comparison of
the runback icing after three submarginal (short) cycles and a fourth
(long) cycle is shown in figure 15. Most of the accumulation of runback
ice from the three short cycles 1s removed by the long cycle, leaving very
little residual icing after 2 hours and 49 minutes of operation. Improved
performance would probably result 1if the double-skin constructlion extended
a few inches farther aft of the plenum-chamber partition (fig. 2(b)) to
ensure that the runback would freeze on the heatgble area and not build
forward from unheated areas.

Another varistion in the heating method was investigated to determine
the response of heating system A from a cold start in icing conditions.
The cold model was allowed to collect ice for 4 minutes, and themn & cyclic
heating routine was begun. During the preliminary 4 minutes of icing on
the cold model, gas temperstures and flow rates corresponding to standard
merginal operation of the system were msintained in a supply pipe up to a
point approximately 5 feet from the model inlet. When heat flow to the
center segment began, the gas therefore traveled through 5 feet of cold
piping plus the double-duct return-flow clrcuilt within the model. The
first heating period of the cold and iced model removed pra.cticall:f no
ice; whereas the second heating period, after £ minutes of duct and
parting-strip heating, removed the 8-minute growth of ice as completely
as in the standard cyclic operations. In order to determine the heat-up
time more closely, the gas flow was directed through the double-duct
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circuilt for varying lengths of time before the flrst periocd of heating
to the double-skin areas was begun. After 2 minutes of duct heating
following the preliminary icing period of 4 minutes, a heating period .
corresponding to standard marginal operation removed the ice formatlons
practically as well as in standard operation. However, after only 1 min-

ute of duct preheating, lce removal was erratic and incomplete, as shown

in figure 16.

The gas temperature at the center throttling valve is shown in fig-
ure 17 for three flow conditions as a function of time after the start
of hot-gas flow through the double duect of a cold and iced model in the
following icing conditions: airspeed, 280 mlles per hour; datum air
temperature, 0° F; liquid-water content, 0.6 gram per cubic meter ;3 angle
of attack, 5°; heating system A. For the two curves of higher gas-flow
rates in figure 17 (805 and 710 Ib/hr), the gas temperature after 1 minute
of flow reached approximately 70 percent of the ultimate temperature rise,
and after 2 minutes was gbout 90 percent of the ultimate rise. Consider-
ing the observations of ice removal previously noted, the de-icing abllity
of a cyclic system from & cold and iced start is apparently entirely a
function of the time required to heat the duct work and permit delivery
of sufficiently hot gas to the plenum chembers.
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The temperature curves for the duct wall at the center valve are
shown In figure 18 for hesting systems A and C and are compared with the
curve of the gas-temperature rise. For heating system A, the temperature »
rise of the duct generally follows the curve of the gas-temperature rise
except at a slightly lower temperature level. However, for heatlng sys-
tem C, the duct cooling curve (after terminstion of gas flow) was much
less steep than the heating curve. For the heating cycle shown, the duct
heating time was only one—tenth the time required to cool the duct between
the same temperature limits. The performance of heating system C is made
possible by the slow rate of cooling of the duct. If the duct should cool
to ambient temperature between cycles, heat~on periods of at least 1 min-
ute are indicated for a one-directional flow system, such as in system C.

A few tests were made with the asbestos sheeting removed from the
plenum chember along the lower-surface. corrugeted lnner skin. The dif-
ferences observed indlcate that the thin insulation sheeting has & large
influence on the distribution of heat flow to the outer skin. With the
insuletion installed and with use of heating system A, ice shedding occurs
first at the leading edge and then progresses rearward. The reverse 1s
generally true when the Insulation 1ls removed, the first shedding occurring
Just forward of the plenum-chamber partition. This action indicates that
heat transfer directly through the double skin from the plenum chamber is
a large factor without insulation. PFurthermore, slightly less heating
along the upper surface ls evident when the lower-surface insulation is
removed. Even though the heat-on period required for marginal de-icing
as defined herein 1is approximately the same with or without this insula-
tion, it was evident that, for more religble ice removael from the leading :
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edge and along the top surface, insulation should be provided to confine
the release of heat primarily to the passage of gas through the double
skin.

A variation of heating system A, in which the chordwise parting
strips were thermally dlsconnected and the spanwlse parting strip was
retained, was also investigated. Very little change in the ice-removal
performance from that of system A was noted, and a small reduction in
heat requirements resulted (fig. 9). When the heating rate was otherwise
adequate for the conditions investigated, the ice formations which bridged
across from adjecent unheated segments would readily break away. Possi-
bly with thicker ice caps and at very low angles of attack, difficulty
might arise because of ice-bridging. In this case, chordwise paerting
strips of lesser extent than in system A would be beneficisl, as men-
tioned in reference 3.

A final variation was investigated in which the gas flow through
each passage of the supply duct was made independent of the other. Imn
order to accomplish this variation, the flow in the front duct passage
wes allowed to exhaust at the end of the alrfoll span and the resr duct
passage was sealed off at that point. Flow in the resr passage entered
the model through the normal outlet pipe (fig. 2). In this study, the
spanwise parting-strip fin was connected to the duct as In system A, and
the gas flow was supplied continuously to the front duct passage and
cyclically to the rear passage. Cyclic de-icing performance equivalent
to that of heating system A was achleved with the front-passage gas flow
reduced to less than half of the normal flow for system A, while the
mean gas temperature and other condltions remained the same. The span-
wise gas-temperature drop in the front passage, however, veried inversely
with the gas flow, as shown In figure O.

The cyclic de-icing performsnce of the flow in the rear passage 1s
greatly affected by the duct-wall temperature which, in turn, is deter-
mined by the gas temperature in the front passage. For the same flow
conditions in the rear passage, an Increase in heat-on period required
for marginsl de-licing is shown in figure 19 for a decrease in the gas
temperature in the front duct passage. At the highest gas-temperature
point (450° F), the heat-on period apgroaches that of system A; while at
the lowest gas-temperature point (195 F), the performance is approxi-
mately that of system C. Extending the curve down to a temperature level
of 0° F would yileld a heating time between 1 and 2 minutes, which corre-
sponds with date previously shown for cold starts.

The heat-storage capacity of the duct and fin influenced the de-icing
performance. With no flow through the front duct passage, the heat left
in the duct assembly after a cyclic heeting period was almost sufficient
to maintain an ice-free parting strip for a 4-minute 1cing period at a
datum air temperature of 0° F and an airspeed of 280 miles per hour, as
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illustrated -in figure 20. Where the parting strip was not ice-~free after
4 ninutes of lcing, only & thin layer of transparent lce extended across
it. This result suggests the posalbility of a spanwise fin of sufficlent
mass (poseibly & structural member) to create an ice-free parting strip
without necessarily being connected to the supply duct. The fin would
ebsorb heat from the hot gas in the plenum chamber during the heat-on
periods and graduslly dissipste it during the leing periods.

Comments on operation of alrfoil model. -~ The gas-heated alrfoll
model performed rellably for more than 500 hours of operstion In the
icing research tunnel. No buckling or wrinkKling of the alrfoil structure
or skin occurred as a result of thermal strains. The front-spar temper-
ature remained within 10° F of the datum air temperature throughout the
studies. The maximm structure temperature occurred along the inside
flange of a noninsulated rib in the forward sectlon. The highest maxi-
mum tempereture recorded at this point during marginel operation of the
various de-iclng systems did not exceed 250° F; this peak temperature
would have been considerably lower 1f insulation had been used to cover

the ribs.

Local Variations of Temperature and Ice Removsal with Time

In the second phase of this investigatlion, the local varlations of
tempersature and ice removal with time are presented to establish the
mechanisms by which thermsl de-icing occurs. The shedding of ice at
gspecific locatlons 1is studied without consideration for the over-all
effectiveness of de-icing; hence, no marginal heating requirements or
heat-on periods are specified.

Varietion of surface temperature wilth heating time. - By continuously
recording the temperature of each surface thermocouple and simultaneocusly
observing the surface, & close correlation was obtalned between surface
temperatures and shedding of ice. Several 1llustrative surface
temperature-time curves are shown in flgure 21. The curves exhibit con-
siderable varilety in shape and mode of lce removal. The curves sometimes
have a noticeable inflectlon at 32° F (see curves a, b, and c¢). At the
point of lce removal the curves frequently have an inflection or dis-
continulty. High rates of surface heating tend to reduce the apparent
disturbances 1n surface temperature caused by external processes. The
process having the greatest effect on the surface temperature curve is
that of water and melting ice flowing aslong the surface. The normal
rising tendency of the temperature curve is delayed and sometimes reversed
by weter flows from melted ice (see curves b, c, and d). Frequently an
ice cap will extend over this running water, and, when the ice sheds, the
water immedistely blows away or forms tiny rivulets end the surface tem-
perature then climbs repidly (see curve c). Sometimes, when the water
finds another path under the ice, the surface becomes dry and & rapid
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surface~temperature increase prior to shedding occurs (see curve d).
During the cooling portion of the cycle near 32° F, a delay in the return
of surface temperature to datum, caused by release of latent heat of
Pusion during the refreezing process, is sometimes evident. The slight
rise in surface temperature Jjust prior to the start of heating for the
thermocouplies near the leading edge occurred because of leakage intoc the
Plenum chamber from an adjacent spanwise segment that was undergoing a
heating period. Similarly, a slight delay in the cooling curve imme-
diately after termination of heating is sometimes evident during the
heating period of the other adjacent segment (see curve a).

" The temperature at which shedding of lce occurred varied from 32° F
to over 100° F. Although repeated cycles in the same runs reproduced
the same dats, the results from different sets of conditions were varied
and unpredicteble. These varied results are especially true for the sur-
face temperature at the time of ice removal. The random variation in
ice-removal surface temperature sppeared to be caused by locel variations
in the rate of temperature rise and local changes in the aercdynamlc
forces. These factors influence the extent of ice-bridging during the

heating periods.

Grouping the temperature curves of adjacent thermocouples together
permits a simultaneous study of the shedding process over both alrfoil
surfaces. In flgure 22, curves from four upper-surface thermocouples are
shown with melting and shedding times denoted. These curves were obtained
from successive cycles in the seme set of conditions bubt may be considered
concurrent, beczuse the repeatability between cycles was quite good. The
ice formatlon for figure 22 extended only over the two thermocouples
nearest the leading edge. Melting under this ice cap affected thermo-
couples further aft, as can be secen by depressions 1ln the temperature
curves when water flows over the thermocouples. For & different icing
condition, temperature curves for the lower-surface thermocouples are
shown In figure 23. At the instant ice shed from each thermocouple, the
lower surface was photographed. These photographs are shown in fig-
ure 24. A definite tendency toward a rear-to-front shedding process is
shown in figures 23 and 24. This tendency is characteristic of heating
system C. The two thermocouple locations nearest the leading edge were
the last to shed ice, slthough their inlitisl rates of temperature rise
were the highest. Both of these thermocouples were under the thick
leeding-edge ice cep, but thelr temperature curves were different because
of the local water flow under the ice cap. The photographs in figure 24
also show the unevenness in heating over the surface aresa, which is
evidenced by the first de-icing along rivet rows and rib locations.

In conjunction with the uneven hest release to the surface during
the heating period, data were obtained to determine the varietions in the
temperature rise gbout a typical chordwise double-skin passage. An exam-
ple is shown in figure 25 for a position on the lower surface 4.9 inches
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from zero chord. The surface temperature at the contact polnt between

the inner and outer skins (curve q) reached & slightly higher peak tem-

perature than the surface point on the center line of the passage .
(curve r) because of conduction in the inner skin. The inner-skin ther-
mocouple at the passage center line (curve p) measured the highest metal
temperature of the three. The gas temperature In the plenum chember
(curve n) is also of interest. After 15 seconds of heating, the gas
temperature In the plenum (approximately 1 in. from the insulation on
the inner skin) had risen to only 314° F, as compared with a tempersture
of 467° ¥ at the valve. The loss of heat to structure is thus seen to
be a large ltem in the cycle. The plenum area after 4 minutes of heat-
off was still over 110° F. The gas temperature in the chordwise passages
(curve o), on the other hand, rose and dropped very rapidly after the
start and end of heating.
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A brief study was made to determine the relative importance of ice
aend water Impingement on surface temperatures and ice-shedding cheracter-
istics. For comparison, a dry-air heating cycle was made, then a normel
lcing and de-icing cycle with Impingement, and then a normal lcing
periocd after which water Impingement was terminated Just prior to the
de-licing or heating period. The results for two leading-edge thermo-
couples are shown in figure 26. The surface temperature for the dry-alr
case is higher throughout the cycle than that for normal de-icing with
Impingement. The de~icing curve with impingement terminated before
heatling, however, exactly follows the normal de-icing curve to the point
of ice removal and then rises quickly to overtake the dry-alr curve neear
the peak temperature value. The cooling portion of the curve 1is lden- .
tical to that for dry air. These data indicate that during the de-icing
process the surface ice hes a large effect on the surface temperature,
and the presence or gbsence of water impingement mekes little difference.
Elsewhere 1n the cycle, water impingement depresses the surface temper-
ature conslderably below the values for dry sir.

Chordwise veriation of surface temperature during heating period. -
The chordwise variation of surface temperature at several time intervals
during the heating period is shown in figures 27 to 29 for heating sys-
tem A. In addition, the temperatures at which ice was cobserved to shed
are shown. The spanwise parting-strlp width is shown by the inter-
sections of the 32° F line with the initial surface~temperature curve.
The chordwlse surface~tempersture distribution shows the effect of the
parting-strip-fin heat addition gat 1 in., lower surface), the plenum-
chamber-partition heat addition {(at 8 to 9 in., lower surface), and the
temperature peak near the aft limilt of water Impingement on the upper
surface (approximstely 0.4 in.).

In figure 27 three levels of gas flow are shown for one lcing con-
dition along with the corresponding gas temperatures in the chordwise
pessages. The gas-temperature variation in the chordwlde passages is -



2606

CQ-3 back

NACA RM E53C27 19

nearly linear In all cases and shows a reasongbly good utilization of
heat over the forwerd section. With an increase in the gas-flow rate
(at the same inlet-gas temperature), the gas and surface temperestures
along the passages rilse markedly and ice removal occurs sooner. In fig-
ure 28 a low heating rate (1cw ges temperature and flow) is illustrated
with a datum air temperature of 20° F. The surface temperature at the
point of ice removal is practlically the same for all locations. The
effect of angle of attack on surface temperature is shown in figure 29.
As the angle is changed from 2° to 8°, water impinges more toward the
lower surface and pesk temperatures on the lower surface decrease, whille
the upper surface has the opposite trend. Ice-removal temperatures show
no consistent trends with angle of attack.

The chordwise surface-temperature varlation during the heating
period for heating systems B and C is shown In figures 30 and 31, respec-
tively, for two icing conditions. The temperature distributlon is simi-
lar to that for system A, except that there 1s much less heat addition
at the parting-strip fin.

Effect of heating rate on time to reach 32° ¥ surfece temperature. -
The heating time required to reach a surface temperature of 320 F and the
ice-shedding time are plotted in figure 32 ageinst chordwise location as
& function of heating rete for the three heating systems. In all cases,
the time to reach 32° F and the ilce-shedding time decrease as the heating
rate increeses. The ice-shedding time for system A increases toward the
rear of the lower surface, whereas for system B it 1s nearly comstant over
the lower surface. For system C, however, the ice-shedding time increases
toward the leading edge. A tendency for the lce-shedding time to approach
the time required to reach 32° F is apparent at the rearward locstions.
For equlvalent heating rates, the shedding time required for the thick
ice near the leeding edge Increases from system A to B to C.

Veriation of lce-shedding time. - Although the ice-shedding temper-
ature was a random variable, the ice-shedding time was found to be more
regular. The functions affecting the ice-shedding time were found to be
heating rate, angle of attack, air temperature, heating system, and loca~
tion on surface; the effects of alr veloclty, 1f any, were not deter-
mined. The shedding time 1s presented ageinst heating rate in figure 33
for the significant functions cited. In addition to the trends pre-
viously discussed for figure 32, the varlatlon of ice-shedding time witl
angle of attack 1s of interest. At the locatlon 0.4 inch from zero chord
(toward the lower surface)(fig. 33(a)), the shedding time is ususally
lowest at an 8° angle of attack and highest at 2°. The explanation for
this result is that the air flow over this location at an 8° angle of
attack is toward the upper surface; as the angle of attack 1s reduced,
the stagnation point approaches this location, the local alr forces
decrease, and the flow engle relative to the surface becomes greater.

The other locations shown in figures 33(b) to (d) exhibit opposite trends
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wilth change in angle of attack, because alr flow in these cases 1s toward
the lower surface. Near the leading edge, therefore, ice-shedding time
is shortened as the local alr-flow streamlines approach tangency wilth the
surface and is increased as the flow becomes more normal to the surface.
Farther aft on the lower surface (fig. 33(d)), ice-shedding time as a
function of heating rate varies lititle with angle of attack, indicating
that the flow dlrection and force are not greatly affected by change in
engle of attack. These results Indlcate that aerodynamic forces are an
important factor in the sheddling time for ice formatlons near the alr-
foll leading edge. In this connection, the Influence of the parting
strip of system A in reducing the ice-shedding time over that of system
B is clearly shown. Also apparent in figure 33 1s the fact that the ice-
shedding time for specific points on the surface is generally much less
than the marginsl heat-on period of figure 6, which was based on complete
forward-section ice removal at all three engles of attack.

CONCLUDING 'REMARKS

Selection of the best method of ¢yclic de-icing wlth hot gas cannot
be made independent of the alrcraft to be protected. The cholice of the
heating system depends largely on the.quantity of hot gas avallable for
de~-icing purposes and on the system weight and complexity which may be
tolerated. Heating system C, with respect to simplicity and lightness
of welght, has considerable merit. However, in order to operate with a
low flow of hot gas, & high cycle ratio is required for which, for a
glven icing period, heating system B or A is preferahle because of the
shorter heat-on period. At present, heating system A 1is recommended for
most installetions because of its relisble and quick shedding of the
dangerous leading-edge ice cap and good utilization of heat.

A cyclic de-icing system may be controlled in several different
ways, such as (1) using a fixed heating rate and cycle ratio designed to
cope with a severe icing condition selected on a calculsted-risk basils,
(2) using a fixed cycle ratio and a heating rate controlied by ambilent-
air temperature, (3) regulating the heat-on period by the embient tem-
-perature or by the temperature of a critical point on the heated surface
(heat-off period mainteined either constant or controlled by icing rate
or airfoil drag), or (4) preestablishing several schedules of operation
t0 be selected in flight elither menually or automatically on the basis
of amblent temperature. A simple andpresently adequate scheme of regu-
lation appears to be the following: &a fixed cycle ratlo equal to the
number of segments to he de-iced (avoiding periods of dwell or wasting
of heat flow); a fixed inlet-gas température (as high as possible); and
three schedules of operation consisting of (a) gas flow and heat-on
period as required for marginal operation in the most severe lcing con-
dition, (b) gas flow, lower than in schedule (&) with the same heat-on
period, and (c) gas flow of schedule (a) with shorter heat-off (and heat-
on) periods. During mild icing conditions, schedule (b) would be used,

2606



9092

NACA RM E53C27 21

while during colder or more severe conditions, schedule (a.) would be

used. Schedule (c) is for the high rates of ice accretion which nearly
alwaeys occur with high datum air temperatures and for which shorter heat-
on periods will suffice to shed the Ice. BSuch a scheme could be used with
any of the heating systems discussed and would still permit incorporation
of the secondary cycling plan for removal of runback icing discussed
previously in "Variations in mode of heating"”.

Several possibilities of lmprovement over the present de-icing pro-
tection systems became evident during the tests. They were primerily
concerned with the structure of the airfoil. Welght savings and sim-
plicity would result if the double duct were located nearer the leading
edge to permit & shorter and thimner conductive fin. Elimination of the
spanwise~fin slip Joint could be accomplished If the f£in were made to
resemble a pocket cowb, the teeth of which would allow for spanwise
expansion of the inner edge with respect to the outer edge (outer-skin
Juncture). For flight operation the velves and actuators could be made
much lighter and simpler. Better insulation throughout was indicated to
be adventageous by the large heat losses to the highly conductive struc-
ture. A more efficient parting strip would result if the outer-skin
metal was of low conductivity so that the product of skin thickness and
thermal conductivity would be reduced. The rear region of the chordwise
passages could be Improved by a forward movement of the plenum-chamber
partition and by tapering the gap in the passages so the outlet gap is
less than the inlet. These changes would increase the utilization of
heat in the gas-flow passages and permlit betiter operation with & second-
ary cycling procedure for shedding of runback ilcing.

SUMMARY CF RESULTS

From the present investigation of several methods of cyclic de-icing
of a gas-heated airfoll, the following principal results were obtained:

1. For equivalent icing conditions =nd heating retes, when all ice-
free parting strips were removed from a cyclic de-icing system, approxi-
mately 50 percent longer heat-on periods were required for marginal ice
protection; when parting strips were removed and the return-flow (con-
tinuously heated) gas-supply duct was changed to & single-passage gas
duct, an increase of approximstely 85 percent iIn the heat-on periods was
required. Removal of all perting sitrips reduced the spanwise drop in
supply-gas temperature by approximately one-third.

2. The equivelent-continuous or heat-socurce requirement for marginal
cyclic de-icing was nearly the same for heating systems with or without
parting strips. The heat-source requlrement was increased from 10 to
50 percent when continuous heating of the gas-supply duct was eliminated.

3. The heat-source requirement for cyclic de-iclng was between one-
fourth and one-tenth of the comparsgble heating requirement for eomtinuous
anti-icing.
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4. The heating time required for ice removal was an inverse function
of the heating rate; however, the surface temperature at ice removal
appeared to be a random variation between 32° and approximately 100° F. .
The grestest external effect on the surface temperature during the de-
lcing perilod was caused by fTiows of weter and melting ice over the sur-

face.

5. Parting strips, insulation, and continmuous heating of the gas-
supply system were advantageous for quick and reliable shedding of dan-
gerous leasding-edge ice caps and good heat utilization. . .
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APPENDIX - SYMBOLS

The following symbols ere used in this report:

t
&,m

tg:v

ts,max

specific heat of air at constant pressure, 0.24 Btu/(1b)(°F)
span, £t

cycle ratio, (heat-off period plus heat-on period)/heat-on
period

temperature, Op

datum ailr temperature, °p

gas temperature in supply duct, Op

mean gas tempersture in supply duct, o

gas temperature at throttling valve, °F

maximum surface tempersture in parting strip, Op
gas flow in supply duct, lb/hr

ges flow per foot span, 1b/(hr)(ft span)



TABIE I. - DIMENSIONS OF AIRFOTL MODEL AND HEATING SYSTEM A

Airfoll, NACA series

8@
=

span, ft
chord, ft 8
maximum thickness, in. 11.5
Heated forward section, extent, percent of chord 12
center segmen® span, £t 3
end segments, span, It 1.5
Double-skin construction, ilnner-skin thickness, in. 0.040
outer-skin thickness, in. 0.025
inner~gkin corrugations, pitch, in. 0
inner-gkin passages, height, In. 0.12
inner-skin pagseges, width, in. ¢.70
Spanwiee parting strip, lower-surface location, percent of chord 1.0
' £in thickness, in. 0.082
fin length, in. 3.5
| .. fin material, aluminum 280
Chordwise partlng strlp, swface extent, top surface, in. 3
bottom surface, in. 6
fin thickmesses, top to bottom surfaces, in. 0.051,0.062,9.062,
0.051,0.040,0.025

fin lengths, top to bottom surfaces, in.

2.7,3.0,2.7,1.7,1.5,1.5

Double-passage duct assenbly, center-line location, in. from nose 4.4
gpanwise length, £t 5.8

material, aluminum 250

wall thickness, in. 0.094

cross-sectional area, frornt passage, sq in. 1.5

rear passage, #8g in. 1.7

valve ports, sq In. 1.1

Plenum chambers, rear pextition location, in. from leading edge 8
Asbestos sheeting, thlckness, in. 0.030
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TABLE II. - COEDITIONS FOR FIGURES 21 to 26

CQ - 2606

¥ig-|Curve|Airfeil{Thermogouple [Afx- [Datum air|ldquid- |Angle of|Gas flow, |[Model- [Heating *Coments
ure surface |d1stance speed, | tempexr~ |water attack, lb/ (br) {inlet |aystem
from zero mph  |ature, content;, deg |(£t spap) |gme
chord, cum temper-
in. ature,
21 8 Lower 1.9 280 0 0.8 5 320 500 B
b 4.9 5 345 B
a o 2 180 A
4 4 5 265 B
22 e Upper 5.4 280 0 0.8 2 180 500 A
T 1.7
g 1.0
h .2
23 i Lower 1.9 280 0 0.8 5 265 500 c Ice removal by peeling from rear
5 o Ice removal in large plece
k 6.9 Teca removal followad by aliding
ice and water
1 4.9
m 2.9 Ice removal by pesling
25 | n | Lover 4.9 280 0 0.8 5 765 500 A |Gas tgmpera.ture at valve,
467" F
o] 4.9
T 4.9
q 4.9
r 4.9
26 g Upper 0.2 180 20 0 5 265 325 A Dry air
t .2 * Impingement terminated before
heating
u ¥4 .8 Normal de-lelng with ilmpingement
26 v Lower 0.4 180 20 0] B 285 325 A Iry air
v ol * Impingsment terminated hafore
heating
X ok .8 Normal de-lcing with impingement
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R

Figure 1.
tunnsl.

KACA RM E53C27
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- Ingtalletion of airfoll model in §- by 9-foot test mection of lcing research
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Yalve part (plecwd inlet)

Canter megwent

(a) Spenvise view of forwwrd sectica of afxfoil,

- Censtruction details of gap-heated airfoil for oyolip de-ioing.

Figure

at



Figure 2, - Concluded.

Chordwise ges-flow passages

chember inlet)
Front passage

§-percent
chord

Plenum chamber

82

- ——Yalve port (plenum-

12-percent
chord

L—Plemm-chamber

partition

(b) Chordwise croes section A-A.

Copstruction detalls of gas-heated airfoil for cyclic de-lclng.

cp-2517

Double-~passsge supply duct
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NACA RM ES3C27

Gas flow
out Gas flow
in /
Slip
Joint Valve
Screw S

(a) Heating system A. Return~-flow gas supply;
spanwise and chordwise perting strips.

Gas flow rGas flow
out in

Valve
‘ ﬁ
Alr

gpace Te—

(t) Heating system B. Return-flow gas supply
no parting strips.

Ho gas rGas flow
flow: out

l—Valve

g;:c \ W

(c) Heating system C. Nomreturn gas supply;
no parting strips.

Figure 3., - Schematic dilsgrams of gas-heating systems for
three methods of cyclic de-icing.
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30 NACA RM ES3C27

12-percent chord

g-percent chord

Before heat-on period

Plane of major
instrumentation

After 20-second heat-on periocd

(a) Airepeed, 280 miles per hour; datum aeir temperature, -11° F; liquid-water content,
0.4 gram per cubic meter; angle of attack, 29; gas flow, 265 pounds per hour per foot
spen; model-inlet gas tempereture, 500° F; peat-off poriod, 4 minutes; total icing
time, 50 minutes; heatlng system A; lower surface. )

Flgure 4. - Characteristic lce deposite with marginel operation of de-ioclng system.

92092
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- .

=

After 15-second heat-on period

(b) Airspeed, 180 mlles per hour; datum air temperature, 0° F; liquid-water content,
0.8 gram per ocubic meter; angle of attack, 8°; gas flow, 265 pounds per hour per foot
span; model-inlet gas tempersture, 500° ¥; heat-off period, 4 minutes; total icing
time, 1 hour and 18 minutes; heating system A; lower surface.

Figure 4. - Contlnued. Characteristic leoe deposliswith merginal operation of de-icing
systen.
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NACA RM E53C27

After 10-gecond heat-on period, lower surface, After 10-second heat-on perlod, upper surfaoce.
(c¢) Alrspeed, 280 miles per hour; datum air temperature, 0° F; liquid-water comtent,

0.6 gram per cublo meter; angle of attack, 5°; gas flow, 345 pownds per hour per

foot span; model-inlet gas temperature, 500 F; heat-off period, 6 minutes; total

icing time, 30 minutes; heating system B.

Figure 4. ~ Continued. Cheracterigtic ice deposits wilth marginal operation of de-ioing

system.
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33

C-31313

After 35-second heat-on perilod

(d) Alrspeed, 280 miles per hour; detum alr temperature, 0° F; liquid-water content,
0.6 gram per cublc meter; angle of attack, 5°; gas flow, 265 pounds per hour per
foot spen; model-inlet gas tempereture, 500° F; heat-off perlod, 8 minutes; boial
lcing time, 1 howr and 54 minutes; heating system C; lower aurface.

Figure 4. - Continued.
systen.

Characteristic lce deposits wilth marginal opsratiomn of de-lcing
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i"li C-31314

After 45-gecond hesat-cn pericd

(e) Airspeed, 280 milea per hour; datum air temperature, 20° F; liguld-water content,
0.8 gram per oublc meter; angle of attack, 89; gas flow, 220 pounds per hour per
foot span; model-inlet gas temperature, 350° F; heat-off perlcd, 4 minutes; total
ioing time, 3 hours and 50 minutes; heating system C; lower surface.

Figure 4. -~ Concluded. Characteristic lce depaosits with marginal opsration of de-licing
system.
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Unheated~surface temperature, °F

Stagnation W
polint
10
T oY I
rf —-—t
o o a /QJ’I
-100— o P— o
{2) Dry air.
Ex'l.:ent of:'
heavy impinge-
10 ot
O Fa
}) [»]
10 O
(b) Icing time, 1 minute.
10
P/ b\e.=e _ -
10 ~O—l o |l o Q
12 8 4 o 4 8 2
Upper surface Lower surface

Distance from zero chord, in.
(c) Icing time, 4 minutes.

Figure 5. - Chordwlse veriation of unhested swrface temperature in dry air
and after start of icing. Airspeed, 280 miles per hour; total air tem~
perature, -20 F; liquid-weter content 1n spray cloud, 0.6 gram per cubic
meter; angle of attack, 5°.
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Heatlng rate, wep(tg y=ta), Btu/(br) (£t span)

NACA RM ES3C27

wao* 5x1.0%
| <
B k A \
NS A
\ w4 L
h \\ ¢
2 \ FaY \nn < L‘ % \
T \ ~
~ '\
1 2 d 2 \n
e AN
% i5 25 3 5 15 25 35
(a) Heating system A. (b) Heating system B.
."3)0.04= : T T T T
Alr- Detun air
gpeed, temperature,
\ mph
. ‘{ R o 280 20
n} 280 10
\ \ < 280 o}
A 280 ~10
\ N 1N 180 20
\ D 180 6]
3

SN o

\E\j\\\Q\
o j
i \°\\°\\ e T
N o~ T
T ~mE
15 15 25 35 45 S5 '

Heat-on period, sec

{c) Heating system C.

Flgure 6. - Variation of heating rate with heat-on perliod for marginal de-icing.
Heat-off period, 4 mimtes; nominel liguid-water content.
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6x10% _—
Heat-on l l
peiizd, 10 Heating
\ gystem
5 > A
g lO\ N . B
B ~ - .
i ¥ N W N \
g 4 10 S
¥ [ 20 N N
3 20\ \\‘ N A
-~ ~ N
— ~ \
-'? z 20\ =~ ~Ne \\
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\ v
§ \\\\\\§ \\
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g NN
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\\\ h
~@E N
I

0
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Datum air temperature, °F

30

40

Flgure 7. - Variation of heating rate with datum alr temperature. Ailrspeed,
280 miles per hour; heat-off period, 4 mimmtes; nominel liquid-water
content. )
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Heating rate, wup(tg,v-td), Btu/(br)(ft span)

NACA BM ES3C27

4x10%
"] -
| "1 ./ e
Lo—"] 4= a4 1
z ,’/ — — e
—— - -
- : 0]
a e 7~
2 <O
e e O]
— T
/ Heating Heat-on
/,A system period,
1 » P e sec -
//
A o] 10
—— D cm— e B im} 20 -
—— e — o] & 30
o — — Continuous A Contlinuous
(a) Datum air tempersture, 0° F.
3x10%
_/‘/ - m ‘——]
2
//—3 —‘_—-D__—JP_——J———
R .l T
- Ll
— —_—
1 "
Ve
Pt
CA
c . l
100 150 200 250 300 350

Airspeed, mph

{b) Datum sir temperature, 20° F,

Figure 8. - Variation of heating rate with eirspeed for cyclic
de-lcing and continuous enti-icing. Heat-off period, 4

minutes; nominal liquid-water content.
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T T T T T T T ] []
W Heating
system
o— A
[ S — A with chordwise
parting strips
‘removed
o——-— B
Airspeed, 180 end 280 mph,
with talled symbols indi-
-« 2x10-2 o cating the higher speed
! ~N
E: - . d I
: EN W
g 1 .\\ H\ ol ua -
o = S 1
i T~
5 N7 "4
| S
E . (&) Cyclic operation of heating system.
.g g, ©ao~2
L&l
g 3] N
e
g Ju 3
85 15 \ Air speed,
o o 4? x mph
R o \] o 180
g. 2 d d 280
2 —
i X
: N
[
g 1 ° OD\S&\ &
=] % Q [— 5 d
] S
- [« I Tg—-j
=]
g .
& 0 200 400 600 800 1000 1200 1400

Supply-duct gas flow, W, lb/hr

(b} Continucus heating.

Figure 9. - Spanwise ga.s temperature drop as function of ges flow and ges-to-detum

temperature differential.
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we (t, «~t A\~
Equivalent-continuous heating requirement, (tg,v-ta) + —EVWe

P’ Btu/(hr)(ft span)

AL

R

4x10°
3 o —4 -
———e O
~ F—
o oo | &
\ Heating Airspeed
2 \D‘> pystem mph ’
— =
[o] A 280
ju] A 180 ]
< B 280
A A ¢ 280
1 j ! 1 |
150 200 250 300 350 400

Gas flow, 1b/(hr) (£t span)

(a) Effect of gas flow. Qas temperature at valve, spproxi-

mately 4680° F; angle of atback, 5°; icing perlod, 4 minutes.

T ] T I T | T
Heating Angle of Gas flow, w, Icing
3 . systenm attack, 1b/ (hrf period,
5x3 deg (£t span) min
[o] A 5 265 4
o B S 365 6
< 8 260 4
4 &>
e ——T |
3 o— o
Yo
ot |
2  y —
1
250 300 350 400 450 500

Gzs temperature at throttling valve, OF

(b) Effect of gas temperature.

Figure 11. - Effect of ges flow and temperesture on equlvalent-
continuous heating requirement.

Datum air temperature,

0° ¥; liquid-weter content, 0.6 gram per cublc meter.

Airspeed, 280 miles per hour.
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NACA RM E53C27 ”

560 | E— T T T T »
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e LGas
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Temperature /'SIip Joint
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é 3 Gas |/
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Figure 12. - Typlcal temperature pattern pertaining to spanwlse parting strip and

adjacent alrfoil surface.

Alrspeed, 280 miles per hour; datum alr temperature,

o° F; liquid-water content, 0.6 gram per cublc meter; angle of attack, 59; supply-

duct gas flow, 800 pounds per hour; lcing period, 4 minutes; heating system A.
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Parting-etrip width, in.

)

Heat flow through fin
Btu/(hr )(ft span)

600

400

200

a/c"/%
QN
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Temperature ratio, .t_s_zEx__
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Figure 13. - Parting-strip width as function of

temperature ratio.
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Alrspeed, - ~
mph -
1 1
280 / ~
-
/do’/ 180
~
“_NACA
|
20 40 60 80

Temperature differential, ts,max"td’ CF

Figure 14. - Correlation of meximum parting-strip

temperature with heat flow through fin.
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(a) Runback ilcing after ilce removal of_thjrd.;(short_)_ cycle. Heat-on period, 13 seconds;
heat-off perlod, 4% minutes; total time in icing, 2 bours and 42 minutes.

(v) Primary enid mmback icing before ice : . (c) Runback icing after 2l-second heat-
removal of fourth (long) cycle. Heat- on period (fourth cyole). Total icing
off perlod, 7 minutes. _ time, 2 hours and 49 minutes.

Figure 15. - Reduction of runback icing by secondary cycling. Alrspeed, 280 miles per hour;
datum air temperature, O° F; liguld-water ¢ombtent, 0.6 gram per cubic metver; angle of
attack, 5°; gas flow, 265 pounds per hour per foot spen; model-inlet gae temperature,

500° F; lower surface.
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2606

) C-3$316

Figure 18, - Residual ice on lower airfoll surface following & marginal heating cycle
to & cold and iced sirfoll with 1 minute of supply-duct preheating time. Airspeed,
280 miles per hour; datum air temperature, 0° F; liguid-water content, 0.6 gram per
cubic meter; angle of attack, 5°; supply-duct gas flow, 800 pounde per hour; gas tem-
perature 5 fest upstream of model inlet, 500° ¥; heat-on period, 15 seconds; total
icing time, 5 minutes; heating system A.



Gas temperature at center valve, Op
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Flgure 17. - Variation of gas temperature at center valve with tine after start of hot-gas
flow. Alrspeed, 280 miles per hour; datum air temperature, 0° 7; liguid ~water content,
0.6 gram per cublc meter; angle of attack, 59; heating system A.
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| / —_—— ——  Duct ¢ Cycliog, 8-min
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Flgure 18, - Comparison of heating apd cocling rates for gas and duct t atures at center valve for heating
systems A and C. Alirapeed, 280 miles per hour; datum alr temperature, 0° F; liquid.—wu.ter content, 0.6 gram

per cublc meter; angle of attack, 57;
ges Tlow, 806 pounds per hour.

; ga8 temperature § feet upstream of model inlet, 500° F; s\rpply-duc't
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Front-duct-passage gas temperature, Op

NACA RM EBS3CZ7

400 \\\

300 N

AN

200 D

100 : i

10 15 20 25 30 35
Heat-on period, sec

Figure 19. ~ Heat-on period for marginel de-icing as function
of gas temperature in front duct passage. Ailrspeed, Z80 miles
per hour; datum air temperature, O° F; liquid-water content,
0.6 gram per cubic meter; angle of attack, 5°; rear-passage
gas flow, 265 pounds per hour per foot span; front-passsge
gas flow, 500 to 800 pounds per hour; rear-passage inlet-gas
temperature, 500° F; icing period, 4 minutes.
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A T

Q-7

C-31317

{b) After 30-second heast-on period.

Figure 20. - Cyclic de-icing with spanwise perting-strip fin attached to duct and no flow
- in front passage. Airspeed, 280 miles per hour; datum air temperature, 0% F; angle of
attack, 5°; ligquid-water content, 0.6 gram per ocubic meter; rear-passage gas flow,
265 pounds per hour per foot span; rear-passege inlet-gas tempereture, 500° F; total
- icing tlme, 1 hour and 9 minutes; lower surface.
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Figure 21. - Severel surface temperature-time curves showing melting and shedding of
ice. (Condlitions listed in teble II.
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FMgure 22. - Simultaneous temperature-time curves for four

upper-surface thermocouples.

Conditlons listed in table II.
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Burface temperature, °p
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Flgure 23. - Time variation of surface temperature over lower surface, showing time
cf shedding. Conditions listed in table II,

9092

25

LB0ESE WY VOVN




L

2606

NACA RM E53C27 . 53

ILce shed here

ice shed here

A

C-371318

(b) Heating time, 9 seconda.

Figure 24. - Photographs of ice shedding from lower swrface synchronized with surface-
temperature curves of figure 23. Conditioms listed In tahle II.
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Ice shed herse

() Heating time, 12 seconds.

Figure 24. - Continued. FPhotographs of ice shedding from lower surface synchronlzed with
surface-temperature curves of figure 23, Conditlions listed in table II.
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Figure 24. - Concluded.

Jcoe shed here

C-31320

(e) Heating time, 16';‘ seconds.

Photogrephs of lce shedding from lower swrface synchronized with

surfece-temperature curves of figure 23. Conditions listed in teble IT.
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Surface temperature, OF
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Figure 25. ~ Temperature variastions about a typical double-skin chordwise passage.
Conditions listed in table II. ’

9092



0q-8 2606

140,

W’ Ice 'uhed.u ' ' ' ! ' '
/ at point

577 —————e Ty air
/ /l: ,\\ o —— e —— Impingement terminated
: hafore hesting

///\ o -————Rori;lm:ee;;;tmgwith
ANARN

S~ e
CF ’ e T - -
o o »
20 —
g
E- (a) Upper-snrface, 0.2 inoh from sero chord.
5 10
[1]
;
100 v/ /\\
e
,/ AN
L AN
- TN N
N~ e .
ﬁ -\""-_.__ — -
20
=20 0 20 40 60 80 100 110

Time after start of heating, =mec
(b) Lower-surface, 0.4 inch from zero chard.

Flgure 26. - Cowparison of surface-tempsrature curves in dry air, normal de-icing, and
da-icing without impingement, Conditicne listed in tahle IT.
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Figure 27. - Chordwiee veriation of swrface and gao tapperatura during heating period with tempera-
ture at time of ice removal. Airspsed, 280 miles par hour; datum air tesperature, 0° ¥; liquid-

wnter comtent, 0.6 gram par cubic mater; engle of attack, 5% model-inlet gas tempersture, 5000 F;
heating systam A.
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Figure 27. - Continued. Chordwise variation of surface and gas tempereture during heating period
with temperature at time of ice removal. Airspeed, 280 miles per hour; datum alr temperature,
0° F; liguid-water comtent, 0.6 gram per cublo meter; angie of attack, 5%; model-inlet gas
temperature, 500° ¥; heating systex A.
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Figure 27. - Concluded. Chordwise variation of surface and gas temperature during
heating perlod with temperature gt time of lce removal. Alrspeed, 280 miles per
hour; datum air temperatuge, 0° F; liquid-water content, 0.5 gram per cublc
meter; angle of attack, 5; model-inlet gas temperature, 500° F; heating system A.

9092



Burface temperature, Op

2606

120 I T T y r
T@?’ 0 Burface temperature
gt ice removal
!
Heating
80 .y time P
//t\ sefz
AN N2
ZANWEN
40 A Q o/ & N e 10—\
3207 7 A J°/ N
____/ st =m——
0
08 4 0 4 12
Upper surface Lover surface

Figure 28. ~ Chordwise veriatlion of surface temperature during heat:[.ng
period, Airspeed, 280 mlles per hour; datum alr temperature, 20°
liquid-wvater content, 0.8 gram per cublc meter; angle of attack, 5 H
gas flow,0167 pounds per hour per foot span; model-inlet gas tempera.—-
ture, 250" F; ‘heating system A.

Distance from zero chord, in.

LB0ESH WH VOVN

9




82 NACA RM ES3Cz27

180 T I
N Heating ’ @
b / \ time,
Bsec
120 Py 1
\ \
\Q"//
" JNA Ny

™

=

=

b2
9092

W O Surface tempersature
/ / H\ \i o l(l) at ice removal
5\2cj/ // PN ‘\\\-’I \\E
A/ N T~—F—
-__/ / N —
M0
0 —
&
&
2
g -40 - - -
‘é. (a) Angle of attack, 2°.
2 160
g
E Heating /
time, :
120 N ::c i [ N =
N \ Heating
/\ time,
sec —

=)
/
%

A
80 /

D)
L

A 4 \ T 30
BiARY I
°
w PN INNE AR D=
” ,// - T AN ™ 32° F \5\2° A A/ 1d \\9
// 4 // \\\\\ 12' _/‘é P4 /} \‘\ 19
—) S
o] / I~ Cl M \\. o
\W
- \ 1
*08 4 4] 4 8 12 a 4 0 4 .8
Upper surface Lower surface ' Upper surfsce Lower surface
Distance from zero chord, in.
(b) Angle of attack, 5°. {c) Angle of attack, 8°.

Pigure 29. -~ Effect ol angle of attack on chordwlse varlation of surface gemperature during
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content, 0.6 gram per cublc meter; gas flow, 180 pounds per hour per foot span; model-inlet
gas temperature, 500° F; heating system A.
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(b) Datum air temperature, 20° F; liguid-water content, 0.8 gram per
cubic meter; gas flow, 370 pounds per hour per foot gpan; model-
inlet ges temperature, 350° F.

Flgure 30. - Chordwlse variation of surface temperature during heating
perlod ofoheating system B. Alrspeed, 280 miles per hour; angle of
attack, 5.
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Figure 31. - Chordwise variation of surface temperature during
heating pericd of heating syatem C. Alrspeed, 280 mlles per
hour; engle of attack, 5°; model-inlet gas tempersture, 500° F.
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Figure 32. - Chordwise variation of ice-shedding time and time
to reach 32° F as a function of heating.rate for heating
systems A, B, and C. Airspeed, 280 miles per hour; datum
air temperature, 0° F; liquid-water content, 0.6 gram per
cubic meter; angle of attack, 5°.
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